We previously reported that lagging-strand genes accumulate mutations faster than those encoded on the leading strand in Bacillus subtilis. Although we proposed that orientation-specific encounters between replication and transcription underlie this phenomenon, the mechanism leading to the increased mutagenesis of lagging-strand genes remained unknown. Here, we report that the transcription-dependent and orientation-specific differences in mutation rates of genes require the B. subtilis Y-family polymerase, PolY1 (yqjH). We find that without PolY1, association of the replicative helicase, DnaC, and the recombination protein, RecA, with lagging-strand genes increases in a transcription-dependent manner. These data suggest that PolY1 promotes efficient replisome progression through lagging-strand genes, thereby reducing potentially detrimental breaks and single-stranded DNA at these loci. Y-family polymerases can alleviate potential obstacles to replisome progression by facilitating DNA lesion bypass, extension of D-loops, or excision repair. We find that the nucleotide excision repair (NER) proteins UvrA, UvrB, and UvrC, but not RecA, are required for transcription-dependent asymmetry in mutation rates of genes in the two orientations. Furthermore, we find that the transcription-coupling repair factor Mfd functions in the same pathway as PolY1 and is also required for increased mutagenesis of laggingstrand genes. Experimental and SNP analyses of B. subtilis genomes show mutational footprints consistent with these findings. We propose that the interplay between replication and transcription increases lesion susceptibility of, specifically, lagging-strand genes, activating an Mfd-dependent error-prone NER mechanism. We propose that this process, at least partially, underlies the accelerated evolution of lagging-strand genes.
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replication conflicts | transcription orientation | Y-family polymerases | excision repair | TCR E ncounters between replication and transcription destabilize the genomes of organisms across all domains of life, causing DNA breaks, increased recombination, and mutagenesis. This genomic instability has been implicated in human fragile X syndrome, oncogene activation in cancer, and the generation of autism disorder-associated mutations (1) (2) (3) (4) (5) (6) . Multiple strategies to modulate the effects of the interplay between replication and transcription have been identified, which are generally highly conserved across most life-forms.
Transcription occurs in two orientations with respect to replication: head-on, when a gene is coded for on the lagging strand, and codirectionally, when a gene is coded for on the leading strand of replication (SI Appendix, Fig. S1 ). In either case, encounters between the two machineries can result in replication stress (7, 8) . However, expression from the lagging strand is thought to be disfavored, because it can lead to increased replication stalling, replication restart, and genomic instability compared with codirectionally oriented genes (7, (9) (10) (11) . Although head-on transcription is demonstrably more detrimental to the cell, the fundamental mechanism that underlies orientationdependent severity remains a mystery. Additionally, in Bacillus subtilis (and other bacteria), a significant number of highly conserved genes (17%) and some essential genes (6%) remain on the lagging strand (12) and thus are transcribed head-on with respect to replication. Whether there are biological reasons for the headon orientation of these genes is unclear.
We recently proposed that one reason for the maintenance of the head-on orientation of some genes may be to accelerate their evolution in a targeted manner. This model was based on evolutionary analyses of several different B. subtilis genomes, where we found that highly conserved head-on genes accumulate amino acid-changing mutations at a higher rate compared with codirectional genes (12) . Furthermore, based on experimental evidence, we proposed that the differential rate of mutagenesis for the genes in the two orientations is due to the two types of replication-transcription collisions. How replication-transcription conflicts could lead to this orientation-specific mutational asymmetry is unknown.
Y-family polymerases are highly conserved across species and localize to stalled replication forks both in prokaryotes and eukaryotes (13) (14) (15) . It is well known that Y-family polymerases facilitate replication progression past bulky lesions on the DNA after damage (16) (17) (18) (19) (20) . The lesion bypass activity of these polymerases is error-prone, leading to increased mutagenesis (21) (22) (23) . Y-family polymerases lack proofreading and have large open active-site pockets. Y-family polymerases misincorporate nucleotides at a high rate and efficiently extend from mismatched primer termini, which cause them to copy undamaged DNA with low fidelity (24) (25) (26) . These polymerases have been implicated in transcription-coupled nucleotide excision repair (TC-NER) in yeast, D-loop extension during recombinational repair, and stressinduced mutagenesis in stationary phase (27) (28) (29) (30) (31) (32) (33) in Escherichia coli (27) (28) (29) (30) (31) (32) (33) . Whether these polymerases impact mutation rates Significance Replication and transcription can occur concurrently and use the same DNA template. This can cause genomic instability such as common fragile site instability in eukaryotes, and accelerated evolution of lagging-strand genes in bacteria. Here, we report an underlying mechanism that increases mutation rates of lagging-strand genes in Bacillus subtilis. We find that this process is mediated through the transcription-dependent activity of the Y-family polymerase, PolY1, in transcriptioncoupled nucleotide excision repair. We find that PolY1, likely through this mechanism, reduces the potentially problematic impacts of specifically lagging-strand transcription on replisome progression and genomic instability. This work shows that gene orientation, together with transcription, can cause differential activities of repair mechanisms, specifically increasing mutagenesis in lagging-strand genes.
through any of these mechanisms in an orientation-dependent manner is unknown. B. subtilis has two Y-family error prone polymerases, PolY1 (yqjH) and PolY2 (yqjW) (34) . It is unclear whether these polymerases play a role in DNA damage survival or in UV-induced mutagenesis in B. subtilis because the few reports on their functions under these conditions have been conflicting (34) (35) (36) (37) .
Here, we report that PolY1 is responsible for the higher mutation rates of genes on the lagging strand. Without PolY1, transcription is less mutagenic in the head-on orientation, and consequently, the mutation rate asymmetry of genes in the two orientations is alleviated. Furthermore, PolY1 reduces replication stalling and stress specifically in response to transcription of lagging-strand genes. We find that PolY1-dependent asymmetry in mutagenesis is epistatic with the transcription-coupled nucleotide excision repair pathway (TC-NER). In contrast, RecA and AddAB do not influence this mechanism. Furthermore, genomic SNP analyses are consistent with a Y-family polymerase contributing to the increased mutation rates of lagging-strand genes.
Results
PolY1 Is Required for Transcription and Orientation-Dependent Mutation Asymmetry. Because the replication machinery is generally high fidelity (38) , the majority of mutagenesis within cells, across the majority of species, is thought to arise from DNA damage and its subsequent error-prone bypass or repair (39) (40) (41) . We wondered whether the observed transcription and orientationdependent difference in mutation rates arises from differential error-prone mechanisms that deal with transcription-induced and possibly orientation-dependent DNA damage. Y-family polymerases are recruited to stalled replication forks and can facilitate both bypass and repair of DNA lesions in a mutagenic manner. B. subtilis harbors two error-prone polymerases, PolY1 and PolY2. We constructed and characterized deletion strains of both polymerases. We carried out survival assays in response to DNAdamaging agents and found that PolY1, but not PolY2, promoted cell survival in response to 4NQO and UV treatment, consistent with the Sung et al. report (35) (SI Appendix, Fig. S2 ).
To investigate whether either PolY1 or PolY2 influence transcription-dependent mutation rates, we constructed three different sets of mutation rate reporters (hisC952, metB5, and leuC27) consisting of three different nonfunctional amino acid genes, which were inactivated by either a premature stop (hisC952 and metB5) or missense codon (leuC427). Each reporter was placed under the control of the leaky isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible promoter P spank(hy) (Fig. 1 A and B) . Ectopic copies of these nonfunctional alleles were introduced into strain backgrounds auxotrophic for each amino acid, encoded either on the lagging (head-on to replication) or leading (codirectional to replication) strand (SI Appendix, Fig. S1 ). Using these reporters, and the Ma-Sandri-Sarkar maximum-likelihood method, we estimated mutation rates for each reporter, at low and high transcription levels, in each orientation, with and without PolY1 or PolY2, and at two different locations on the chromosome [amyE, right arm of the chromosome; and thrC, left arm of the chromosome (SI Appendix, Fig. S3A)] .
Induction of transcription led to increased reversion rates for all three constructs in both orientations ( Fig. 1 C-E and SI Appendix, Fig. S3 B-D) . This orientation and transcription-dependent increase in mutagenesis does not stem from differences in growth rate of these strains under the different conditions examined (SI Appendix, Fig. S4 ). The absolute degree of transcription-dependent increase in mutation rates varied depending on the reporter used, although the underlying reason is unclear and could be due to the sequence context of the particular inactivating mutation. These differences are not due to altered levels of transcription as they are driven by the same promoter, and quantification of mRNA levels confirms that they are expressed to the same degree (SI Appendix, Fig. S5 ). Despite the differences in absolute levels of mutagenesis, the transcription-dependent increase in mutation rates for all three constructs examined was about twofold higher (A) Schematic of the amyE locus harboring mutation reporters oriented head-on (HM419, HM421, HM632, HM634, HM417, HM724) or codirectionally (HM420, HM422, HM633, HM635, HM418, HM725) to replication. (B) Wild-type and mutant stop codons for the hisC952 (HM419, HM420, HM421, HM422), metB5 (HM632, HM633, HM634, HM635), and leuC427 (HM417, HM418, HM724, HM725) mutation reporters. (C ) Mutation rates for the hisC952 reporter in the presence (HM419 and HM420; gray) or absence of PolY1 (ΔyqjH) (HM421 and HM422; black), for the head-on and codirectional orientations, with (Trx+) and without (Trx−) IPTG. (D) Same as C but for the metB5 reporter strains (HM 632 and 633; gray) (HM634 and 635; black). (E ) Same as C but for the leuC427 reporter strains (HM417 and HM418; gray) (HM724 and HM725; black). Mutation rates were estimated based on C = 36-48 for each strain and condition. Error bars are 95% confidence intervals (*P < 0.05). Significance was determined by Student's t test.
when the gene was oriented head-on to replication (Fig. 1 C-E and SI Appendix, Fig. S3 B-D) .
At low transcription levels, deletion of PolY1 did not impact mutation rates for any of the reporters examined, regardless of orientation. However, in cells lacking PolY1, transcriptioninduced mutation rates of all three reporters in the head-on orientation were reduced by about 50%, leading to a loss of transcription-dependent mutation asymmetry ( Fig. 1 C-E and SI Appendix, Fig. S3 B-D) . These effects were specific to PolY1: we did not observe significant effects of PolY2 on transcriptiondependent mutation rates (SI Appendix, Fig. S6 ). Furthermore, deletion of PolY1 had no effects on mRNA levels or RNA polymerase (RNAP) occupancy of the reporter genes, indicating that PolY1's impact on mutation rates is not due to alterations in gene expression or RNAP occupancy (SI Appendix, Fig. S7 ). These results strongly suggest that the increased mutation rates of laggingstrand genes are due to a transcription and orientation-dependent activity of PolY1 on the lagging strand.
PolY1 Reduces Replication Stalling at Regions of Lagging-Strand
Transcription. Because transcription alone should be identical in both orientations, the interplay between transcription and replication is likely responsible for PolY1's orientation-dependent activity. We reasoned that, regardless of whether PolY1 facilitates lesion bypass, excision repair, or recombination, lesions or breaks will increase at regions of lagging-strand transcription without PolY1. The increased obstacles should lead to an increase in replication stalling at these regions without PolY1.
We tested this hypothesis using the P spank(hy) -hisC reporter described above (at amyE) and constructed an additional reporter system, consisting of a copy of the lacZ gene, under the control of a different promoter, P xis . This engineered construct was inserted at the thrC locus, either head-on (8) or codirectionally to replication. P xis is tightly repressed by the ImmR protein, which is coded for by the mobile genetic element ICEBs1 (42) . We introduced the P xis -lacZ constructs into strains that either harbored (transcription off) or were cured of (transcription on) ICEBs1. To determine whether PolY1 impacts replication stalling or restart, we used chromatin immunoprecipitations (ChIPs) to measure the relative association of the replicative helicase (DnaC) with these conflict regions, compared with several different control loci. Increased relative association of the replicative helicase, DnaC, with a particular chromosomal locus is likely indicative of replisome stalling or restart at that region (8) . In an asynchronous population of cells, if replication progresses at a similar rate throughout the chromosome, then replisome proteins, such as DnaC, are not expected to preferentially associate with any given locus. However, the replisome spending an increased amount of time at a given region (i.e., stalling) can be detected as preferential association of replisome proteins with that locus, relative to control loci.
At low transcription levels, we did not detect preferential association of DnaC with any of the examined engineered conflict regions compared with the control locus, yhaX, or other control regions 10 kb upstream or downstream of the constructs ( Fig. 2 A and B and SI Appendix, Fig. S8A ). Although we find normalized values overall to be most consistent between experiments, to rule out potential artifacts of normalization, we also analyzed nonnormalized, raw immunoprecipitation (IP)/total values (SI Appendix, Fig. S8 B and C). As expected, induction of transcription led to increased relative association of DnaC with the engineered conflict regions, for both orientations, but to a higher degree when the reporters were oriented head-on to replication. In the absence of PolY1, relative association of DnaC with both hisC and lacZ increased about twofold, and to different degrees when the data were plotted without normalization as IP/total ( Fig. 2 A and B and SI Appendix, S8 B and C). This increase, i.e., the effect of PolY1, was specific to the head-on constructs. We also analyzed any impact of PolY1 with highly transcribed endogenous loci: the ribosomal protein-coding genes rplGB (codirectional) and rpsD (head-on). We found that, similar to the results from the engineered constructs, without PolY1, DnaC association increased at the head-on gene, rpsD, but not the codirectionally oriented rplGB gene (Fig. 2C ). These data strongly suggest that PolY1 aids replisome progression through, specifically, regions of lagging-strand transcription.
To rule out the possibility that DnaC localization to the engineered conflict regions is due to a replication-independent event, such as DNA repair, we treated cells with the highly potent DNA polymerase inhibitor 6(p-hydroxyphenylazo)-uracil (HPUra), which specifically arrests DNA replication (43) . In cells inhibited for replication with HPUra, we no longer detected preferential association of DnaC with the highly transcribed P xis -lacZ gene (SI Appendix, Fig. S9 ), irrespective of orientation or the presence of PolY1. The dependence of DnaC association with the conflict region on DNA replication argues against the possibility that the helicase is operating in a replication-independent context at highly expressed genes in our experiments.
PolY1 Reduces Genomic Instability Caused by Lagging-Strand Transcription. Because stalled replication forks can lead to breaks, the results of the DnaC ChIPs presented above suggest that PolY1's activity at these regions should reduce genomic instability. Roadblocks to replication can lead to the accumulation of single-stranded and/or broken DNA that is bound by RecA, as the first step in recombinational repair. RecA-GFP focus formation in microscopy experiments (44, 45) is traditionally used as a measure of replication stress. We obtained a previously characterized RecA-GFP allele (44) and, as a control, determined that strains harboring the construct do not display significant growth defects under conditions where P xis -lacZ is highly expressed headon to replication (SI Appendix, Fig. S10 ). Given that deletions of recA are associated with severe growth defects under these conditions, the data from the growth curves of the RecA-GFP strains suggest that the fluorescent tag does not significantly impact RecA's function at forks stalled due to encounters with transcription. Using this construct, we quantified RecA-GFP focus formation in strains harboring either the P xis -lacZ or P spank(hy) -hisC reporters, at low and high transcription levels, for both orientations, with and without PolY1. In strains with repressed transcription from these constructs, RecA-GFP foci formed in 10-20% of cells, depending on the strain background, regardless of the orientation of the reporter gene ( Fig. 3 A and B and SI Appendix, Fig. S11 ). This result aligns well with reported basal RecA localization levels in both B. subtilis and E. coli (44, 45) , although the exact sources for these basal levels of replication stress in cells are unclear. The absolute numbers of cells containing RecA-GFP foci were different in strains containing the lacZ and hisC reporters (10% vs. 20%, respectively). This difference is probably due to the differences in the strain backgrounds used for each set of reporters. Under conditions where transcription was high from either the P xis or the P spank(hy) promoter, we observed a statistically significant increase in RecA-GFP focus formation, only when the gene was expressed on the lagging strand, head-on to replication (Fig. 3 A and B and SI Appendix, Fig. S11 ). In isogenic strains lacking PolY1, we found that significantly more cells display RecA-GFP foci when P xis -lacZ [and modestly, P spank(hy) -hisC] was highly transcribed in the head-on, but not the codirectional orientation. The engineered constructs are expressed at significantly higher levels than most endogenous lagging-strand genes, creating conflicts that are much more severe than those that exist normally during fast growth. Most endogenous lagging-strand genes are only highly induced in response to different stresses and/or during spore outgrowth, when DNA replication is slow (46) . Therefore, during fast growth, it is unsurprising that these artificial constructs cause a significant increase in genomic instability.
To determine whether the increased RecA focus formation reflects replication stress emanating specifically from the engineered reporter regions, we used ChIPs to measure the relative enrichment of RecA with the two sets of engineered conflicts [P spank(hy) -hisC, and P xis -lacZ] compared with several different control loci. At low transcription levels, we did not detect preferential association of RecA with the reporter regions compared with control loci (Fig. 3 C and D and SI Appendix, Fig. S12 ). At low transcription levels, the relative association of RecA with the examined loci was not impacted by the absence of PolY1. Induction of transcription led to increased relative (and absolute, nonnormalized) association of RecA with these regions, for both orientations, to a higher degree when the reporters were expressed on the lagging strand ( Fig. 3 C and D and SI Appendix, Fig. S12 ). The relative association of RecA with both P spank(hy) -hisC, and P xis -lacZ, compared with the control loci, in PolY1-deficient backgrounds further increased when transcription was induced from the lagging strand. We found similar effects of PolY1 on RecA association with highly transcribed endogenous loci: without PolY1, RecA association increased with the lagging-strand-encoded ribosomal protein gene, rpsD, but not with the codirectionally oriented rplGB gene (Fig. 3E) . Altogether, these data indicate that PolY1 reduces genomic instability and/or replication stress at regions of lagging-strand transcription, most likely due to an effect of replication.
PolY1 Activity at Lagging-Strand Transcription Regions Is Independent of RecA and AddAB. In E. coli, recombinational break repair by Y-family polymerases is proposed to be mutagenic (31, 47, 48) . Therefore, it is possible that PolY1 activity during the repair of breaks generated by conflicts at lagging-strand genes causes the increased mutagenesis associated with headon transcription. Alternatively, PolY1 could act upstream of break repair.
To determine whether PolY1 acts to prevent or repair breaks, we used the P spank(hy) -hisC952 reporter to measure transcriptioninduced mutation rates, in both orientations, in strains lacking either RecA or AddAB. Similar to RecA, AddAB is required for double-stranded break repair in B. subtilis (49, 50) . We determined that transcription was still mutagenic, in an asymmetric manner, even when AddAB or RecA were not present (Fig. 4 A  and B) . Furthermore, in the addAB and recA deletion backgrounds, the asymmetric nature of transcription-dependent mutagenesis still depended on PolY1. These results suggest that PolY1 acts independent of RecA and AddAB, most likely upstream of D-loop formation and extension, as well as double-stranded break repair. Furthermore, because RecA is required for the SOS response, which can induce expression of Y-family polymerases in some organisms (51), these results indicate that the SOS response is not required for the effects of PolY1 on the orientation and transcription-dependent mutagenesis. This is consistent with the previous finding that, unlike the E. coli dinB, polY1 transcription is not induced in response to DNA damage (34) .
PolY1 Functions in the Same Pathway as TC-NER. The eukaryotic error-prone polymerase Polƙ, which is homologous to PolY1, has been shown to fill in gaps generated by the NER proteins (13) . The first step of NER in prokaryotes is DNA binding by UvrA. UvrA subsequently recruits UvrB and UvrC, leading to excision of the damage-containing region and subsequent gap fill-in (52) . Previous studies have connected the Y-and B-family polymerases to transcription-coupled repair (TCR), which can recruit excision repair proteins to stalled RNAPs (30, 53, 54) . Although a study showing orientation-dependent effects of NER in yeast observed a change in mutation spectra (54) , to our knowledge, gene orientation-dependent changes in mutation rates by alternative polymerases have not been reported in any organism. Putting all of these reports together, and considering the recA and addAB data presented above, we hypothesized that the orientationdependent mutation asymmetry is due to PolY1 activity in NER.
To test this model, we obtained (from the Bacillus Genetic Stock Center) a deletion strain lacking uvrA and confirmed its genotype via PCR. Using the P spank(hy) -hisC952 reporter to measure transcription-induced mutation rates, we found that similar to the polY1 deletion strain, without UvrA, transcription-induced mutations were no longer asymmetric (Fig. 5A ). As we found in the polY1 deletion strain, the deletion of uvrA specifically reduced mutation rates when the reporter was expressed from the lagging strand, but not from the leading strand. To determine whether UvrA and PolY1 act in the same pathway, we constructed a double mutant lacking both proteins. We found that the two deletions did not produce an additive effect: they were epistatic to each other (Fig. 5A ). To confirm that the effect of UvrA and PolY1 on mutagenesis in lagging-strand genes was through NER, we estimated mutation rates in backgrounds lacking UvrB and UvrC. Consistent with the well-established roles of these proteins downstream of UvrA in NER, we found that, similar to the uvrA and polY1 deletion strains, mutations were no longer asymmetric without UvrB or UvrC (SI Appendix, Fig. S13 ). These experiments demonstrate that UvrA and PolY1 act in the same pathway, most likely carrying out NER specifically in response to transcription from the lagging strand.
NER proteins can be recruited to transcribed regions through TCR. TCR is initiated when RNA polymerase stalls, typically at a bulky lesion (55) . Stalled RNA polymerases are canonically recognized by the transcription-repair coupling factor, Mfd, which recruits UvrA, initiating NER (56) [studies in E. coli indicate that the accessory helicase UvrD may also facilitate this process (57)]. We hypothesized that the NER-dependent mutational asymmetry we observe in transcribed lagging-strand genes is due to TCR-mediated recruitment of excision repair proteins. To test this model, we constructed a deletion strain of mfd and estimated transcription-induced mutation rates for the P spank(hy) -hisC952 reporters. We observed that, similar to the strains deficient in NER proteins (and PolY1), without Mfd, mutation rates were no longer asymmetric (Fig. 5B) . Furthermore, the mfd deletion was epistatic to the polY1 deletion, confirming that these proteins act in the same pathway (Fig. 5B) . Altogether, these data strongly suggest that Mfd recruits NER proteins. This recruitment, through the function of PolY1, leads to increased mutagenesis of transcribed lagging-strand genes.
Genomic Mutational Footprints Are Consistent with OrientationDependent PolY1 Activity. The mutational signature of bacterial, archeal, and eukaryotic Y-family polymerases has been examined both in vivo and in vitro. In general, Y-family polymerases predominantly make −1 frameshifts, T→C, T→G, and A→G mutations in all organisms examined (24, 26, (58) (59) (60) (61) (62) (63) (64) (65) . Our analyses of the PolY1-dependent base substitutions leading to prototrophy [multiple substitutions are tolerated at this position (SI Appendix, Fig. S14 )] in the mutation rate assays described above are consistent with the reported mutational signatures of these polymerases (SI Appendix, Fig. S15 ). Consistent with reports of other Y-family polymerases and our mutation rate measurements, we find that transcription-dependent T→C mutations are partially PolY1 dependent. It is important to note that detectable mutations are limited to changes in the sequence of the reporters that would allow for functionality. For example, frameshifts, or for the hisC reporter, a G-to-A substitution (which would create another stop codon) cannot be detected in these assays.
To determine whether a conflict-related and PolY1-dependent mutational signature is present in B. subtilis genomes, we identified SNPs within highly conserved (90% similarity at the (D) Same as C but for strains harboring the P spank(hy) -hisC952 reporter genes with (HM594 and HM595; gray) and without PolY1 (ΔyqjH) (HM596 and HM597; black), with (Trx+) or without (Trx−) IPTG. (E) Relative association of RecA with the genomic loci rpsD and rplGB with (wt; gray) and without PolY1 (ΔyqjH; black). Error bars represent SE (n = 6-12) (**P < 0.01, ***P < 0.005, ****P < 0.001). Significance was determined by Student's t test. nucleotide level) "core" genes from the available B. subtilis genomes. We then determined the rate of accumulation of each type of SNP, in relation to protein length, for both strands. Our group, as well as others, has used gene length as a surrogate for conflict frequency (12, 66) , because replication and transcription machineries both spend an increased length of time traversing longer genes, increasing the chances for collisions. Because the analysis compares SNPs within species, the ancestral identity of a given nucleotide is unknown; thus, it is not possible to determine the directionality of the mutations. For example, T→C and C→T mutations cannot be distinguished and must be grouped together. Nevertheless, the potential contribution of Y-family polymerases can, at least partially, be deduced from the observed patterns. The SNP analyses indicate that T↔C and A↔G are the most commonly found base substitutions, consistent with the well-known bias toward transitions in bacterial genomes (67) (68) (69) (70) . Remarkably, for all types of base substitutions, we found that both SNP counts, and mutation rates displayed a highly statistically significant nonlinear increase with gene length (P values of <0.001 and <0.007) (Fig. 6 and SI Appendix, Figs. S1 and S16 and Table S1 ). A linear increase with gene length would suggest that SNPs arose due to random chance. The nonlinearity of the correlation of mutation rates with gene length, however, indicates that active mechanisms influenced their occurrence. All SNP groups were identically correlated with gene length between the two orientations, except for the TC/CT group, which showed a modest, but highly statistically significant, increased correlation for genes on the lagging strand (25% vs. 20% increase per kilobase; P = 0.005). The AG/GA group also displayed a slightly increased correlation with length for laggingstrand genes, although this difference was not statistically significant. The TC/CT group, followed second by the AG/GA group, includes the most preferred substitutions made by Y-family polymerases, in that order.
Although small, the stronger positive correlation of these particular SNPs with gene length in lagging vs. leading-strand genes is consistent with orientation-and transcription-dependent PolY1 activity. It is important to note that the observed differences may be small because our analysis can only measure the fixed SNPs, and not those that have been eliminated through purifying selection. Therefore, the difference observed is not necessarily representative of the actual orientation-dependent differences in the rates of these mutations. However, these results are significant in the context of our findings as they demonstrate an orientation-dependent difference in the relevant SNPs.
Discussion
Our results show that the Y-family polymerase, PolY1, aids replisome progression through transcription units on the lagging strand. Whether this occurs directly during head-on conflicts at these regions, or indirectly through reduction of lesions on the lagging strand left behind by the replication forks, is unclear. However, it is clear that this mechanism is mutagenic and is in the same pathway as both UvrA, a protein required for NER, and Mfd, the NER-transcription coupling factor. Our work brings previously unidentified insights into the consequences of transcription on the lagging strand, and different strategies for cells to overcome transcription-related problems. Overall, the results presented here identify an underlying mechanism that likely contributes to the accelerated evolution of lagging-strandencoded genes.
Models of Orientation and Transcription-Dependent PolY1 Activity in NER. Because the impacts of PolY1, UvrA, and Mfd are transcription-and orientation-dependent, our data indicate that the mechanism we uncovered involves both replication and transcription. We propose two different models of orientationdependent PolY1 function in TC-NER (Fig. 7) . These two models are not mutually exclusive.
In the first model, lagging-strand transcription leads to head-on conflicts with the replisome. This encounter would expose singlestranded DNA (ssDNA), either due to excess positive supercoils between the two machineries, and/or sustained transcription bubbles. ssDNA is known to be more susceptible to DNA damage and would therefore lead to increased lesions in these regions. Stalled RNAPs at the site of the conflict activate TCR through recognition by Mfd, recruiting NER proteins UvrABC. After excision of the lesion-containing patch by NER, the remaining gap is filled-in by PolY1.
An alternative model, which also depends on the activity of PolY1 in TC-NER, as well as both replication and transcription, is a mechanism where TCR occurs postreplication. The discontinuous nature of lagging-strand synthesis increases the lesion susceptibility of exposed ssDNA. When the orientation of a gene changes with respect to replication, the template strand of transcription also changes (SI Appendix, Fig. S1 ). Hence, when a lagging-strand-encoded gene is expressed, the transcription machinery uses the lagging strand as the template, increasing the number of DNA lesions encountered by RNAPs. Because TCR is thought to be more active on the template strand, NER would be recruited more frequently during lagging-strand transcription.
As in the first model, NER would then be completed by PolY1-mediated gap filling.
Dealing with Replication-Transcription Conflicts. Cells have multiple strategies to overcome replication-transcription conflicts. Recently, it has become clear that the varied consequences of these collisions necessitate different resolution mechanisms. E. coli accessory helicases, UvrD and Rep, promote survival of cells harboring severe head-on conflicts at inverted rDNA loci (71) . DksA and other transcription-modulating factors (GreA/B) also ease severity of replication-transcription conflicts in E. coli (72) (73) (74) . Helicases and transcriptional modulators presumably facilitate replication progression by removing the RNAP obstacle from the replisome's path. Whether these strategies are universal among bacteria is unclear. For instance, homologs of DksA or GreB do not exist in B. subtilis. The potential role of B. subtilis , and CG and GC (F), were pooled because direction of the mutations was not distinguished. Negative binomial regression with a log link function was used to model the gene length dependence of the number of SNPs for the lagging strand (blue lines) and the leading strand (red lines). The mutation rate (slope) is greater for the GA/AG and TC/CT mutations but increases nonlinearly with gene length (with P < 0.0001) for all six mutations. The difference in the rate of increase on the lagging strand compared with the leading strand of 4.5% per kb is significantly greater (P = 0.005) for the TC/CT mutation (SI Appendix, Table S1 and Fig. S1 ). accessory helicase PcrA, the homolog of UvrD and Rep, in replication-transcription conflicts requires further investigation. If the PolY1-dependent NER mechanism takes place during head-on conflicts, this represents a distinct strategy for relieving adverse consequences of replication-transcription conflicts. Rather than modulating the obstacle and clearing the path for replication, these polymerases are likely involved in replicating the DNA at the site of the conflict. Conflicts cause genomic instability both by physically hindering replisome progression, as well as by jeopardizing the genomic integrity of the DNA itself at the conflict region. To overcome conflicts, cells must remove the obstacle and either repair or bypass the damaged template. A failure to repair the lesions on the DNA by TC-NER would increase ssDNA and/or breaks at the site of the conflict. Our data suggest that PolY1 acts upstream of RecA-dependent repair, removing lesions, and consequently, either directly or indirectly reducing conflict-induced insults on the integrity of the DNA at these regions.
Sources of Transcription-Induced Mutagenesis. Our results suggest that PolY1 is involved in NER-dependent transcription-induced mutagenesis in an orientation-dependent manner, unraveling an underlying reason for the increased mutagenesis of laggingstrand genes. However, even without PolY1, a significant amount of transcription-induced mutagenesis is detected in our assays, for both orientations, suggesting that other mechanisms are also at play. There are many proposed models that could explain the sources of transcription-dependent mutagenesis. Some of these models include the following: recombination, DNA supercoiling, R-loops (RNA:DNA hybrids), non-B DNA, DNA damage, and rNTP incorporation (6, 66, (75) (76) (77) (78) (79) (80) (81) (82) (83) . These mechanisms are not mutually exclusive and may be contributing to transcription-dependent mutations collectively, and under different conditions. In our system, RecA and AddAB do not significantly influence transcription-dependent mutagenesis, arguing against the recombination model. Rather, the impact of UvrA, UvrB, UvrC, and consequently NER, supports DNA lesions as at least one of the main sources of transcription-associated mutagenesis. This is consistent with most of the other models proposed because generally these mechanisms involve exposed ssDNA at some stage [recombination, supercoiling, R-loops (by sustaining or possibly stabilizing transcription bubbles), etc.], which is more susceptible to DNA lesions.
Potential Sources of DNA Lesions in Lagging-Strand Genes. NER canonically recognizes the helix-distorting properties of bulky lesions on DNA. Bulky lesions can also stall RNA polymerase, leading to the activation of TCR. Our results demonstrate that NER, and the Y-family polymerase PolY1, increase transcription-dependent mutagenesis in lagging-strand genes, suggesting that these regions are particularly susceptible to DNA lesions. Consistent with our findings, the classic observation that a significant amount of DNA turnover (up to 0.02% of the genome) occurs in cells unexposed to exogenous DNA damage hints at repair of basal DNA damage (84) . Although determining the exact chemical structure of the predicted DNA lesions at regions of conflict between replication and transcription is beyond the scope of this study, recent reports, as well as classic publications, suggest several different cellular sources of damage potentially leading to NER.
Evidence continues to mount that NER acts on multiple substrates in addition to UV-induced pyrimidine dimers. The spontaneous mutation frequency of uvrA-deficient E. coli strains shows a significant reduction in T→C transitions (85) , consistent with NER and gap fill-in by PolY1 at endogenously damaged DNA. NER may also play a role in removing misincorporated ribonucleotides from DNA, as has been observed in E. coli (86) . The NER pathway in yeast efficiently processes N-6-methyladenine lesions (87, 88) and is also recruited to abasic sites in the transcribed strand through TCR (89) . Additionally, NER and TCR play a role in protecting mitochondrial DNA from oxidative lesions, such as 8-oxo-dG (90) or bulky thymine glycol lesions, which distort the double helix and block transcription (91) (92) (93) ).
An alternative model for the mechanism causing excision repair-mediated mutagenesis at regions of lagging-strand transcription is the provocative possibility of "gratuitous TCR," or Mfd recruitment of NER proteins to RNA polymerases stalled independently of damage. The UvrABC complex (and its human homologs) does excise short patches of undamaged DNA in vitro (94, 95) . It is not outside the realm of possibility that Mfd recruitment to RNA polymerases stalled subsequent to head-on collisions with the replisome could activate TCR at undamaged DNA in lagging-strand genes. However, we favor the model that increased NER substrates, such as bulky lesions on DNA or abasic sites, underlie lagging-strand-specific TC-NER. The sources of endogenous DNA damage, and cellular factors participating in this process, deserve further study and will likely yield interesting results as detection techniques improve.
The Role of Y-Family Polymerases in Accelerated Evolution of Lagging-Strand Genes. An extensive body of work has connected Y-family polymerases to stress-induced mutagenesis (27-29, 33, 96) . These studies have shown stress-dependent elevation of mutation rates in nongrowing cells. PolY1's activity in replicating cells expands its role in generating genetic diversity beyond stationary phase and shows that Y-family polymerases are a versatile group of proteins driving potentially adaptive mutagenesis at all stages of life. Furthermore, although other studies have shown transcription-dependent increases in mutation rates, in both eukaryotes and prokaryotes (54, 97) , the proposed mechanisms would impact all genes and therefore would not target variation to specific genes. We previously proposed that transcription together with gene orientation can increase diversity in certain genes, rather than impacting global mutation rates (12) . This mechanism would allow cells to maintain globally low mutation rates the majority of the time and for the majority of the genome, as proposed (98, 99) . However, under conditions where adaptation can be beneficial, cells may increase the mutation rates of specific, head-on-oriented genes, merely by increasing their expression. The PolY1-and NER-dependent mutagenesis of, specifically head-on genes, reduces the chances of potentially deleterious mutations in highly expressed (i.e., rDNA and tRNA) and essential genes, which are strongly biased to be cooriented with replication.
Materials and Methods
B. subtilis Strains. Experiments were performed in B. subtilis 168, or the prophage-cured auxotrophic derivative YB955. Genetic manipulation of B. subtilis was performed as described (100) . Detailed strain construction strategies and a full list of strains, plasmids, and oligonucleotides used in this study can be found in SI Appendix.
Growth Conditions. Strains were streaked on LB agar plates supplemented with the appropriate antibiotic. Precultures were inoculated from single colonies into 10 mL of LB medium supplemented with appropriate antibiotic and incubated at 37°C, with shaking.
Mutation Rates. Fluctuation analyses were performed as described previously (12, 101) . Precultures were grown for ∼14 h, and then diluted to OD 600 of 0.0005 in individual 18-mm culture tubes containing 2 mL of fresh LB either supplemented or not with 1 mM IPTG. Cultures were incubated at 37°C, with shaking, until reaching OD 600 of 0.5. A volume of 1.5 mL of each culture was centrifuged, resuspended in 1× Spizizen's salts, and plated on minimal medium lacking the appropriate amino acid either with or without IPTG. The remainder of each culture was serially diluted and plated to quantify viable cells. Colonies were enumerated after 40-to 48-h incubation at 37°C. Mutation rates were estimated using the Ma-Sandri-Sarkar maximum-likelihood method as described (12) .
ChIPs. Precultures were diluted to OD 600 of 0.05, either in the presence or absence of 1 mM IPTG. Cultures were grown to OD 600 of 0.3, and processed for ChIPs as described (8) . IPs were performed using rabbit polyclonal antibodies against DnaC or GFP. IPs were rotated overnight at 4°C for GFP ChIPs, and for 2 h at room temperature for DnaC ChIPs.
Quantitative PCRs. DNA was isolated by phenol-chloroform extraction. Quantitative PCRs (qPCRs) were performed using SsoAdvanced SYBR Green master mix and the CFX96 Touch Real-Time PCR system (Bio-Rad). Data were normalized to gene copy number by the ratios of total input to IP samples. Relative enrichment was determined by the ratio of gene copy number for the locus of interest to yhaX (primers HM192/193), guaC (HM958/959), or an intergenic region 1 kb downstream of thrC (HM960/961). lacZ, hisC, and dnaK were detected with primer pairs HM188/189, HM495/496, and HM770/771.
Microscopy. Precultures were set back to OD 0.05 and grown to exponential phase (OD 0.3-0.6). Cells were fixed with 4% (vol/vol) formaldehyde, DAPIstained, and spotted onto 1% agarose pads. Images were taken using a Nikon Ti-E inverted microscope fitted with a 60× oil objective, automated focusing (Perfect Focus System; Nikon), a xenon light source (Sutter Instruments), and a CCD (Nikon). DAPI-stained nucleoids and RecA-GFP foci were counted in ImageJ. At least 1,000 cells were counted per 6 to 12 biological replicates per strain.
Bioinformatics Analysis. For the mutation rate analysis, the sequence of eight complete genomes of B. subtilis were obtained from National Center for Biotechnology Information GenBank: B. subtilis 168, B. subtilis 6051-HGW, B. subtilis BSn5, B. subtilis BSP1, B. subtilis RO-NN-1, B. subtilis XF-1, B. subtilis subsp. spizizenii TU-B-10, and B. subtilis subsp. spizizenii W23. Core genes were identified as homologous genes found in all eight genomes, for which none were annotated as pseudogenes, using the Prokaryotic Genome Analysis Tool, PGAT (102) . Further filtering of the set of homologs was performed using the Perl programming language (http://www.perl.org). Only single-copy genes were considered to avoid false SNP discovery in duplicated genes or paralogs. Highly diverse genes were also excluded by selecting only homologs with at least 90% sequence identity and 90% length coverage. Gene sequences were then aligned using Muscle (103) and parsed to identify synonymous and nonsynonymous substitutions. Genes with sequence alignments having insertions or deletions were not considered to remove the possibility of false SNP identification due to potential ambiguous alignments. For the purpose of identification of leading-and laggingstrand genes, we considered the origin of replication to be located between ribosomal protein L34 and the chromosomal replication initiation protein (DnaA), and the terminus region to be upstream of the replication terminator protein (Rtp). This screen identified 2,662 core genes, of which 1,993 (75%) were encoded on the leading strand and 669 (25%) were encoded on the lagging strand.
SNP Analysis. To determine the dependence of the rate of mutation on gene length, counts for the pairs of substitutions AG and GA, AC and CA, AT and TA, etc., were pooled because the direction of the substitutions was not determined. Mutation counts were modeled as a function of gene nucleotide length (5,000 bases or less) and strand (leading vs. lagging) using negative binomial regression with a log link function. The negative binomial model accounts for zero inflation and dispersion in the frequency distribution of mutations counts. Zero inflation is a consequence of the presence of short genes and highly conserved genes in which not all possible mutations occur. Dispersion is a consequence of the large range in the level of gene conservation. All statistical analyses were performed using R (The R Project for Statistical Computing; http://www.R-project.org).
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